Abstract Pancreatic islet transplantation is commonly used to treat diabetes. Cell isolation and purification methods can affect the structure and function of the isolated islet cells. Thus, the development of cell isolation techniques that preserve the structure and function of pancreatic islet cells is essential for enabling successful transplantation procedures. The impact of purification procedures on cell function can be assessed by performing ultrastructure and in vivo studies. Thus, the aim of this study was to evaluate the effect of caprine islets purification procedure on islet cell ultrastructure and functional integrity prior to and post-isolation/purification. The islets were isolated from caprine pancreas by using an optimized collagenase XI-S concentration, and the cells were subsequently purified using Euro-Ficoll density gradient. In vitro viability of islets was determined by fluorescein diacetate and propidium iodide staining. Static incubation was used to assess functionality and insulin production by islet cells in culture media when exposed to various levels of glucose. Pancreatic tissues were examined by using light microscopy, fluorescence microscopy, scanning, and transmission electron microscopy. In vivo viability and functionality of caprine islets were assessed by evaluating the transplanted islets in diabetic mice. Insulin assay of glucose-stimulated insulin secretion test showed that the insulin levels increased with increasing concentration of glucose. Thus, purified islets stimulated with high glucose concentration (25 mM) secreted higher levels of insulin (0.542±0.346 μg/L) than the insulin levels (0.361±0.219, 0.303±0.234 μg/L) secreted by exposure to low glucose concentrations (1.67 mM). Furthermore, insulin levels of recipient mice were significantly higher (p<0.001) than those prior to xenotransplantation. In addition, following islets transplantation, there was significant enhancement in blood glucose levels of diabetic recipient mice. Overall, although the purified caprine islets had minor deformations in the plasma membrane and changes in cell integrity of peripheral region, the alterations did not significantly alter the functionality and viability of the purified islets.
Introduction
Insulin is secreted by β-cells of pancreatic islets. Inadequate number of pancreatic islets or dysfunctional β-cells can lower insulin production (Donath et al. 2005 ). Since the blood glucose level is regulated by insulin, a reduction in insulin levels leads to hyperglycemic disorders or diabetes mellitus (Prentki and Nolan 2006) . Insulin-dependent diabetes mellitus is also known as type 1 diabetes.
Insulin injections are commonly administered to treat type 1 diabetes. Previous studies indicate that exogenous insulin therapy dramatically reduces diabetes-related mortality (Furnary et al. 2003; Rewers et al. 2004) . However, chronic treatment with insulin injections can cause a number of side effects, which include long-term sequelae such as diabetic angiopathy, nephropathy, neuropathy, and retinopathy (Nathan 1993) . Alternative treatments that provide a sustainable islet supply for insulin production in diabetics have been previously investigated (Shapiro et al. 2006) . For example, exogenous pancreatic islets obtained from human donors have been used as transplants for replenishing islet cells in diabetics (Shapiro et al. 2006) . Previous studies indicate that islet transplantation can be an ideal approach to minimize the occurrence of complications caused by chronic injection of insulin (Wahoff et al. 1995; Gray et al. 2000) . However, the limited availability of suitable donors makes this therapy application challenging. Thus, characterization of alternative islet sources including non-human species is crucial in the development of pancreatic islet transplantation.
Pig islets have been shown to have tremendous potential in islet transplantation (Korsgren et al. 2003; Ricordi and Strom 2004) . However, adult pig pancreatic islets are fragile and can transmit zoonotic diseases to human. Alternatively, caprine islets have been used as a potential source of pancreatic islets for diabetic research (Hani et al. 2010; Vakhshiteh et al. 2013; Hani et al. 2014 ). One of the major limitations of using xenogenic pancreatic islets for transplantation is the potential damage of islet cells and the low endogenous capability of xenogenic islet cells to secrete insulin. In the present study, we investigated in vivo viability and ultrastructure changes of caprine pancreatic islets that were isolated and cultured using a previously used tissue culture method. Ultrastructural changes such as alterations in cytoplasmic organelles of cultured pancreatic islet cells can disrupt the insulin secretion capability of the islet cells following xenotransplantation. The assessment methods used in this study enable evaluation of pancreatic islet cell function prior to performing xenoplantation procedures. Thus, this method can be used to determine the optimal conditions required for islet cell isolation with minimal loss of function for successful transplantation application.
Materials and Methods
Pancreas histological processing. Caprine pancreata were collected from a local abattoir immediately after animal slaughter. Paraffin-embedded caprine pancreatic tissue was cut into 4-μm-thick sections, and then they were stained with hematoxylin and eosin according to the manufacturer's protocol. The slides were hydrated with decreasing concentrations of alcohol and stained with Harris's hematoxylin solution for 10 min. Next, the slides were counterstained with eosin for 1 min and then rinsed twice in distilled water. The slides were dehydrated by dipping the slides briefly in 100% ethanol. Finally, the slides were brightened in xylene and subsequently mounted with DPX mountant and examined under light microscope.
Islet preparation. The tissue slices of the collected pancreas were used for transmission and scanning electron microscopy. The islets were isolated by aseptically extracting the pancreatic tissue, followed by removal of the extraneous fat, blood vessels, and tissue membrane, and washed with cold (4°C) Euro-Collins solution. The pancreas collection was performed in the warm ischemic period between slaughter and death, and the collection procedure did not exceed 10 min. Samples were transferred to Hanks' Balanced Salt Solution (HBSS; Sigma, Saint Louis, MO) supplemented with 5% fetal calf serum (FCS) and 10 mM HEPES solution and stored at 4°C during transportation to the laboratory. The pancreas samples were immediately rinsed with HBSS and placed in a cooled tray after arrival in the laboratory. The cleaned pancreata were weighed and treated with collagenase XI-S (Sigma, St. Louis, MO) at five concentrations (0.5, 1.0, 1.5, 2.0, and 2.5 mg/mL) that were obtained by dilution with HBSS supplemented with 5% FBS. The enzymatic digestion of the pancreatic tissue was carried out by using four exposure periods (15, 30, 90, and 120 min) and by incubation in a shaking 37°C water bath rotating at 120 oscillation/min as previously described by Hani et al. (2010) . The cell suspensions were filtered through 450 and 90 μm mesh stainless steel filters. Digestion was terminated by adding cold (4°C) HBSS containing 5% FCS. The amount of digested tissue obtained was measured by resuspending the cells in 100 mL ice cold HBSS containing 5% FCS and 10 mM HEPES. Fifty microliters of cell suspension was used to determine the islet numbers before purification.
Caprine islets purification procedures. Caprine pancreatic islets were purified by using discontinuous density gradients technique. Briefly, 1-2 mL of digested pancreatic cell suspension was layered on to 15 mL of cold heaviest Euro-Ficoll gradient in 50 mL falcon tube. Consequently, other EuroFicoll layers were loaded on islets suspension gradient (1.085, 1.065, and 1.037 g/mL; 10 mL of each). The falcon tubes were centrifuged in an Eppendorf refrigerated centrifuge (Hamburg, Germany) at 1,000×g, 4°C, for 10 min. Purified islet clusters were collected from two interface layers (1.085/ 1.065 and 1.125/1.085 g/mL). The islets were transferred to RPMI-1640 supplemented with 10% FBS, 10 mM HEPES, 100 U/mL penicillin, and 100 mg/mL streptomycin and then incubated at 37°C with 95% humidity and 5% CO 2 . The cells were then used for enumeration and viability assessment.
Islet viability assessment. Viability of islet clusters was determined by staining cells with membrane exclusion dyes such as fluorescein diacetate and propidium iodide (FDA/PI; SigmaAldrich, St. Louis, MO). To assess the percent cell viability, the islet cells were classified and scored as previously described by Karaoz et al. (2010) . Islet cell purity was assessed by using dithizone (DTZ; Sigma-Aldrich) staining method. The DTZ stock solution was prepared by dissolving 50 mg of DTZ in 5 mL of dimethyl sulfoxide (DMSO) and incubated briefly at −15°C. Staining with DTZ was performed by adding 10 μL of filtered stock solution to 1 mL of islet cells culture medium and incubating cells at 37°C for 15 min. Following three washes with HBSS, the crimson red-stained cell clusters were examined under an inverted microscope.
Caprine islets functionality. Functionality of islets was determined by performing static glucose stimulation assay. Aliquots of 100 islets resuspended in 1 mL of RPMI-1640 were each placed in wells of non-tissue-culture-treated multiwell plates. The plates were incubated at 37°C in a humidified atmosphere with 5% CO 2 . Media was removed and discarded after overnight incubation. Islets were resuspended in KrebsRinger solution with 1.67 mM glucose and incubated for 1 h at 37°C in 5% CO 2 . The supernatants were removed and discarded. Subsequently, 1 mL Krebs-Ringer solution with 1.67 mM glucose was added to islets and incubated as described above. The supernatants were stored at −80°C until required for insulin measurement assay. The above-mentioned procedures were also used for assays with 25 mM glucose and 1.67 mM glucose stimulation assays. The supernatants were store at −80°C until required for insulin measurement assays. Insulin levels in all treatment groups were determined by using commercial ovine insulin ELISA kit (DRG, Frauenburg, Germany) and by following the manufacturer's protocol.
Transmission and scanning electron microscopy. Isolated islet clusters were fixed in 4% glutaraldehyde in 0.1 M sodium cacodylate buffer, post-fixed in 1% osmium tetroxide, and dehydrated with a series of increasing concentrations of alcohol. For scanning electron microscopy, the samples were dried by critical point method, sputter coated with gold palladium, and examined under scanning electron microscope (JEOL 600). For transmission electron microscopy, samples were embedded in resin, sectioned, and stained with uranyl acetate and lead citrate. Sections were subsequently examined under the Philips 400 TEM.
Diabetes induction and islets transplantation into mice. A high-dose streptozotocin (STZ) injection (200 mg/kg) was administered intraperitoneally to each mouse fasting for at least 4 h prior to injection. Blood glucose level of each animal was measured twice a day with Accu-Chek glucometer (AccuChek Performa, Roche, Mannheim, Germany). Mice with glucose levels higher than 18 mM/L were considered diabetic.
Mice were immunosuppressed by administering thalidomide at a dose of 200 mg/kg body weight as described previously by Malleo et al. (2008) . Briefly, thalidomide was dissolved in DMSO (6.9 g/kg body weight) and was injected into diabetic and control mice (n=5 per each group) daily by intraperitoneal route. Immunosuppressive drug administration was initiated at least 3-5 d before transplantation and continued for the entire duration of the experiments. Mice were anaesthetized with ketamine (100 mg/kg) and diazepam (5 mg/kg). Each mouse was transplanted with 2000 IEQ caprine islets beneath the left kidney capsule.
Blood glucose levels of each animal were measured with Accu-Chek glucometer (Accu-Chek Performa, Roche) as described. The glucose measurements were taken 1 d after the transplantation and then consecutively for 4 wk. Mice serum was collected before islets transplantation and at the end stage of experiment and stored at −80°C until required for insulin measurement assay. Insulin levels of experimental mice were measured by using commercial insulin ELISA kit and by following the manufacturer's protocol.
Statistical analysis. t Test was used to determine the significant effects of the treatments and their interactions as well using SPSS version 21.0. The data was presented as means± standard error mean. Glucose-stimulated insulin secretion results were expressed as mean±standard deviation (SD).
Result
Histological study of pancreatic islet tissue. Histology study revealed that the islets of Langerhans were surrounded by connective tissue capsules, typically appearing as unstained loops (Fig. 1) . Inclusions in islet cell nucleus appeared deep purple, whereas cytoplasm appeared deep red. Islets were separated from exocrine tissue by inconspicuous connective tissue. Islet cells located inside the cluster were uniform in size whereas clusters located in lobules showed considerable variation in size. The areas that remained unstained were characterized as lobule borders. The data also revealed that the caprine pancreas was divided in lobules and intralobular ducts lined the tubuloacinar secretory units.
Viability assessment. The viability of isolated islets was estimated to be more than 90% by performing FDA/PI staining. Viable islet cells appeared green under fluorescence microscope, whereas dead and apoptotic islets appeared red (Fig. 2) . Staining with DTZ demonstrated that the isolated islets had high purity (>90%) and that the islet cell size ranged from 50 to 250 μm (Fig. 3) . Furthermore, the staining assay revealed that the insulin granules of islets contained zinc, which is chelated by DTZ molecules and stained dark red (Fig. 3) . Acinar and aggregating cells remained unstained.
Assessment of caprine islet functionality. Islet function was determined by static incubation. Statistical analysis revealed that there was a significant difference in the insulin amounts secreted after various amounts of glucose were administered. The static glucose test induced purified islets to release different levels of insulin. The highest level of insulin was released at the second hour of incubation with 25 mM/L glucose (0.794±0.320 μg/L). Stimulation with 1.67 mM/L glucose triggered secretion of lowest insulin levels; 0.221 ± 0.09 μg/L of insulin was released after 1 h and 0.307± 0.091 μg/L of insulin was released after third period of incubation (Fig. 4) . Thus, our data indicate that the purified islets efficiently released insulin after stimulation with various levels of glucose.
Scanning electron microscopy. The scanning electron microscopy images showed that the caprine islet cells varied in size (Fig. 5) . Purified islet clusters ranged between 50 and 250 μm. The islet surface had fine connective tissue fibers, and in the absence of connective capsule, the islet cells had protrusions on the cell surface (Fig. 5) .
Transmission electron microscopy. The transmission electron microscopy images showed that caprine pancreatic islet cells had numerous electron-dense, membrane-bound secretory cell granules. The secretory granules in the α-cells appeared to be localized whereas the β-cells had granules that were evenly distributed throughout the cytoplasm. Additionally, the β-cell mitochondria were elongated and had closely packed mitochondrial cristae. The α-cells were predominantly located towards the periphery of the islets and had smaller and more electron-dense secretory granules than those of the β-cell. The α-cells had compact round granules enclosed in a membrane and thin less-dense halo surrounding an extremely dense core. The β-granules were slightly larger than the α-granule and often completely filled the surrounding membrane (Figs. 6 and 7) . Compared to the islet of Langerhans cells in the pancreas, the purified islets slightly varied in size and shape. Although, plasma membranes of the isolated islets were in good condition, there was some damage and fractures in the membranes of the peripheral islet cluster cells (Figs. 8 and 9 ). Furthermore, β-granules were sometimes segregated into purely insulin granule areas. Some islet surface cells showed a different layer of damage in the cell membrane, mitochondria, and granules. Majority of purified islets preserved structure solidarity (Figs. 8 and 9 ).
Before and after islets transplantation, serum insulin levels of caprine islet grafted mice were measured by using ultrasensitive mouse insulin ELISA kit (Mercodia, Sweden). Insulin level of grafted mice (∼0.5624±0.17 μg/L) was significantly higher than that of thalidomide-treated mice before islets transplantation and of ungrafted groups (∼0.01±0.001 μg/L; Fig. 10) . Thus, the data indicate that caprine islet grafts were functional and were able to secret insulin after transplantation in STZ-induced BALB/c mice.
Discussion
This study showed that islets retained the insulin secretory function after isolation, purification, and transplantation procedures. The processing procedures mainly damaged the cells in the peripheral islet area, which constitutes of acinar cells. As the majority of β-cells were positioned at the center of the cluster, they remained inaccessible to processing damage. Common factors that cause cell damage during cell isolation are hypoxia, enzyme-mediated stress, and mechanical distress (Sergio et al. 2006) . The duration of pancreatic tissue incubation with digestive enzyme is also crucial as it tends to reduce Figure 4 . Insulin secretion in response to glucose challenge in isolated caprine islets. The islets were exposed to 1.67 mm/L glucose (GL1) for 1 h, to 25 mm/ L (GH) for a second hour, and finally to 1.67 mm/L (GL2) for a third hour. Values are means±SD. Figure 5 . Purified caprine pancreatic islets of Langerhans under SEM; the islet clusters size ranges between 50 and 250 μm while they are surrounded by numerous acinar tissue. Some secretory sacks are observed on the islet cells surface, ×950. Figure 6 . Caprine pancreas under TEM; α-cell is identified by α-granule which is round granule with a close-fitting membrane and a thin less-dense halo surrounding a very dense core (arrow head), high dense round mitochondria, ×12,500.
both ATP concentration and ATP/AMP ratio in purified islets (El-naggar et al. 1993) . In comparison to exocrine tissue, islet cells can be more resistant to cell processing damage caused by nutrition shortage, hypoxia, and trauma (Baumgartner et al. 1980; Schwartz and Traverso 1984) .
We found that some purified fractions of caprine islets retained a small number of acinar cells. Similar acinar cell contamination has been reported previously in studies for islet cell isolation from other mammals (Schwartz and Traverso 1984; Gray et al. 1984; Ricordi et al. 1990) . A previous study showed that high-quality purified islets can also be contaminated with exocrine tissues and the percent contamination can vary considerably (20-70%) (Sever et al. 1992) . However, this type of contamination may pose some toxic effects on the islets of Langerhans. A previous study showed that the presence of acinar cells and fibroblasts reduced islet cell viability. Furthermore, human islets maintained in cell culture media show nonspecific tissue clumping and increased cell death due to the production of toxic substances that originate from dying exocrine tissue (Hilary et al. 2005) .
Scanning electron microscopy data showed that some isolated islets lacked the surrounding connective capsules that are Figure 7 . The β-cell of caprine pancreatic islets of Langerhans under TEM, β-granules are slightly larger than the α-granules and their content often completely fills the surrounding membrane (arrows). The mature granules are interspersed with larger, less-dense, and presumably immature β-granules (arrow head); the mitochondria are filled with closely packed mitochondrial cristae, ×10,000. Figure 8 . Purified caprine pancreatic islets of Langerhans under TEM; α-cell structure shows mitochondria swelling, fragmented cristae (thick arrows), and cell membrane fracture (arrow head) that resulted from isolation and purification hypoxia and trauma, while still contain natural α-granules and normal nucleus, ×27,500. Figure 9 . Purified caprine pancreatic islets of Langerhans under TEM; β-cell structure approximately looks like the structure before purification procedure, while slight changes occurred such as vacuolization (thick arrow) and partial cell membrane fracture (arrow head). β-Granules remain intact (arrows), ×21,500. Figure 10 . Insulin secretion in diabetic mice before and after caprine islet transplantation. Insulin levels in diabetic mice before islet transplantation and also diabetic control mice without an islet graft ("A" column and after islet transplantation ("B" column). The data represent the means ±SE, and significance was calculated using t test, n=10 mice (p<0.05). seen in normal pancreatic islets. As the connective capsules play a role in retaining the structural integrity, their absence may cause separation of cells via huge grooves that are pulled out inside the parenchyma (Wang et al. 1999; Sergio et al. 2006) . The prevalence of tight junctions within the isolated islets also indicates conservation of function (In't-veld et al. 1984) . Additionally, the extent of collagenase enzymatic activity can affect the surface and interior morphology of islets ( Van-Suylichem et al. 1992) . Prolonged exposure to collagenase can cause significant damage to cell membranes and parenchyma (Schwartz and Traverso 1984; Linetsky et al. 1997) . However, since a well-established isolation technique was used to process cells that were then assessed by scanning electron microscopy, the morphological changes due to enzymatic disruption were minimal.
In this study, TEM investigation showed that the isolated and purified islets had small ultrastructural changes that could be induced by hypoxia elongated (Sever et al. 1992; Tahir et al. 1992; Pai et al. 1993) . Most peripheral cells were damaged after cell isolation, whereas the core islets had undamaged nuclei and plasma membranes. A previous study had similar findings and showed that the purified islets granules appeared pleomorphic with both mature and immature granules found in normal pancreas (Bani and Bani 1985) .
Following isolation and purification, the islet cells showed two major alterations: islets fragmentation and injuries to single cells. A previous study showed that the untreated pancreatic islets structures were a set of connections of cells anastomosing cords surrounded capillaries (Brelje et al. 1989) . As mentioned previously, the ultrastructure of isolated islet core cells in this study remained stable and intact (Gray et al. 1984; Millard et al. 1984; Tahir et al. 1992) .
Overall, our data indicate that the isolation and purification techniques used in this study did not significantly affect the viability and functionality of islets. Furthermore, our in vitro data indicate that the isolated islets remained responsive to glucose at various concentrations. In addition, development of an automated and rapid approach and identification of optimum handling or storage temperatures for caprine islets may enable isolation of more stable and viable islets than those isolated by the manual approach used in this study.
Our studies with caprine islet purification and characterization have offered several insights into caprine endocrinology and enabled better understanding of the donor organism and the fate of tissues transplants in mammalian environment. This study has provided insights into the structure and function of the isolated caprine islets. This work warrants further characterization of islet morphology after transplantation into diabetic models.
Concluding Remarks
One of the most significant findings of this study was the phenomenon of structural and physiological changes of islets after the isolation and purification processes. Ultrastructural studies confirm that the alternations appeared mostly in the plasma membranes of peripheral cells and that the changes were induced by enzymatic degradation, mechanical shock, and hypoxia that occurred during the isolation and purification procedure. Since diabetics require a sufficient mass of functional islets to recover insulin secretion, an improvement in the isolation and purification procedures could enable retrieval of an optimum amount of functional islets for transplantation and thereby decrease graft failure and islets fragility. Further studies are required to evaluate the capabilities of this alternative islet source in switching hyperglycemic state to normal.
